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Abstract

In this paper we give a procedure to search for prime divisors of class numbers
of real abelian fields and present a table of odd primes < 10000 not dividing
the degree that divide the class numbers of fields of conductor < 2000. Cohen-
Lenstra heuristics allow us to conjecture that no larger prime divisors should exist.
Previous computations have been largely limited to prime power conductors.
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1 Introduction

Class numbers of real abelian fields are at least by present-day knowledge very
hard to compute in practice. This is because they are so closely related to the fun-
damental units, which are difficult to compute or even estimate. Rough estimates
that exist in turn lead to poor upper bounds for class numbers. Only for fields
of small conductors one can bound class numbers decently with Odlyzko’s tables
of discriminant bounds; using them F. van der Linden [14] was able to determine
(assuming GRH in some cases) the class numbers of all the real abelian fields of
conductor < 163. On the other hand R. Schoof [20] recently predicted, using a
heuristic assumption, that class numbers of real abelian fields of prime conductor
are most likely very small compared to known upper bounds.

In his work Schoof also presented and applied an efficient method to compute
class number divisors in the case of prime conductors. Koyama and Yoshino [11]
presented another approach that allows practical computation. The methods also
apply to prime power conductors, but for composite conductors (i.e. conductors
having different prime divisors) the Galois module structure of (Hasse’s) cyclo-
tomic units is more complicated, due to the fact that different subfields may have
different conductors, and thus generalizing the method in this direction is more
difficult.

Our approach is to study previously known results that allow computations
for composite conductors and to combine them with some ideas from the works
mentioned above. We present a method to compute class number divisors for any
real abelian field and produce a table of such divisors. By heuristic assumptions
similar to Schoof’s we predict it to contain all odd prime divisors not dividing the
degree of the field in question.

H.-W. Leopoldt in his article [13] generalized Kummer’s classical results on
the divisibility of class numbers to any real abelian field. His main result is that if
an odd prime p not dividing the degree of the field is a divisor of the class number,
then a certain rational product of generalized Bernoulli numbers is divisible by
p. By applying the p-adic class number formula, W. Schwarz [21] was able to
give a simple computational criterion equivalent to Leopoldt’s criterion, and he
computed for all real abelian fields of conductor f < 500 a table of all primes
p < 100000 which possibly divide the class number. The table shows that for
a fixed conductor there are usually roughly 5 to 20 primes satisfying Leopoldt’s
condition. But Leopoldt actually proved a somewhat deeper fact to be able to
state his result, and this is what we apply to sharpen the results of Schwarz. Our
procedure also makes it possible to sieve out the actual class number divisors from
Schwarz’s table.

We will first discuss the group theoretic background of Leopoldt’s method
by applying some earlier results of Leopoldt [12]. This will shed more light on
the method of Schwarz. Then we present an additional technique to check if
the primes found with Schwarz’s method actually come from class numbers. We

1



limit the computation to prime divisors not dividing 2[K : Q], since the primes
dividing the degree of the field do not behave similarly and since for the prime
2 there are better techniques available. WWe mention here however that Schwarz’s
method could also be used for some primes dividing the degree; indeed, in many
cases one could at least prove that a prime dividing the degree does not divide the
class number.

Acknowledgment

The author wishes to thank Professor Tauno Metsankyla for his advice and sup-
port.

2 Decomposition of class number

Leopoldt in his thesis [12] presented an arithmetic characterization of a real abelian
field, continuing work of Hasse. A main idea was to apply the Wedderburn de-
composition of the rational (and later p-adic) Galois group ring to the group of
units of an abelian field. Leopoldt was able to reduce the study of the class groups
of abelian fields with noncyclic Galois group essentially to the cyclic subfields
corresponding to the classes of conjugate characters of the field. We review here
only the definitions and results necessary for our study.

Let K be a real abelian field of conductor f with Galois group G of order g.
Denote by ¥ a rational-irreducible character of K, i.e. ¥ = >, x*, where the sum
runs through the Q-conjugacy class X = {x* | (k,ord x) = 1} of a character  of
K. The values of X are in Z. Denote by f,, g, and Ker x respectively the common
conductor, order and kernel of the Q-conjugates of . There is a one-to-one corre-
spondence between the Q-conjugacy classes of the character group and the cyclic
subfields of K, given by ¥ «— (); denote the cyclic field corresponding to x by
K. Its degree is g,, its conductor f,, and Gal(K, /Q) = G, ~ G/Ker x =~ (x).

The group algebra Q[G] = {}_,.;a.0|a, € Q} admits the Wedderburn
decomposition

Q[G] = @Q[G]ez ~ @Q(ng)

via the rational orthogonal idempotents ey = =3~ . X(o *)o. Here and here-
. g g

after we use the notation ¢,,, = €2™/™ for any m € N. The maximal order of Q[G]
isﬂ%Z Z[Gley ~ @%.Z[ng] and_Z[G] i§ gf_finite index g - Q¢ in it as a subgroup,
with Qg € Z containing only primes dividing g.

As a Q[G]-module, the unit group Ex of K decomposes similarly in the form
Eyx = @% E}¥. Rather than studying this decomposition directly, one introduces
a subgroup EX+ of Ex of finite index; see below. Let Nk, /x denote the norm
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from K to its subfield k, and define in Ex, the group of x-relative units
EX:{‘SEEKX |NKX/k(€)::|:1 ngKX}

(Leopoldt uses the notation E;{ and the term narrow x-relative units). This is a
subgroup of the units of K, of rank ¢(g,) (where ¢ is the Euler function), and it
has a subgroup of y-relative cyclotomic units

Fy={-1n"|1eGy

which is of finite index
hy = [Ey : Fy].

The element 7 is defined as follows: Let H be the subgroup of (Z/ f,Z)* corre-
sponding to Gal(Q((y, )/ Ky), and let H* C Z be a system of representatives of
H/{+1}. Define

O, = [ &1, —GF), Av=]]0 -0, (2.1)

acHT £lgx

where ¢ runs through all prime divisors of g, and o is a generator of G,; then
©7 'isaunitof K, and n = O

Both E), and F, depend only on x and thus are independent of the choice of
K containing K. The groups of absolute values, |E,| ~ E, /{£1} and |F}| ~
F, /{#1}, are modules over Z[G Jex ~ Z[(,, ]. Another characterization of the x-
relative units is that they are the units e € E, satisfying |¢|*x = |¢|; in particular
e| € ER.

When considering E, as a subgroup of the units of K we see that the direct
product E*+ = dir [, |E, | over all the rational characters of K forms a group of
units of finite index, say Q7-, in the group Ex. Using this decomposition of the
unit group and a similar decomposition of the regulator of K, we may split the
class number of K in the form (see [12, p. 41])

where Q% and Q¢ are rational integers as explained above, and the product runs
through the conjugacy classes X of K. The number @} is hard to compute in
general. The quotient @} /Qg is usually not integral. The numbers Q7 and Q¢
comprise only of primes dividing 2g, and as we assumed that p is not a divisor of
2g, we may conclude that the p-part of the class number Ay of K is equal to the
product of the p-parts of A, :

hicp = [ foxo-
X



Remark 2.1. Leopoldt also shows that the numbers £, are norms of some ideals
in Z[¢,, . It follows that once p divides h, then also p/» divides h,, where f, is
the residue class degree of p.

For p 1 2g we have ¢! = a; (mod p*) for some a;, € Z with k¥ > 0, and
thus we may split the p-class group Cl, of K as a module over Z[G] through
the idempotents ey (define o!/9 = a2 for a € Cl, of order p¥). We obtain the
decomposition (see [12, p. 44])

Cl, =dir[ [ Cl,,, (2.2)

X

where #Cl, ,, = hy,. The Z[(, ]-module Cl,, = CI,* depends only on K, and
can be characterized as the group of those ideal classes of order a power of p in
K, whose relative norm to any subfield L ¢ K, is equal to 1 (see [13]). Thus we
also gain structural information on the class group by computing the values of all
the h,,.

Leopoldt [13] showed the following fact when proving his theorem about the
class number divisibility referred to in the introduction. The proof is based on
the decomposition of the p-class group, the reflection theorem and Stickelberger
theorem.

Lemma2.2. Let p be an odd prime dividing neither the conductor nor the degree
of the real abelian field K and let x be a character of K. If Cl, , # 1, then

H By 15 =0 (mod p),
YEX

where By, is the kth generalized Bernoulli number associated to ).

Note that the above product over the conjugacy class y of x is rational.

Leopoldt also obtained a result in the ramified case p | f, p?f f, but we leave
it out from this study for the sake of simplicity; in the practical computations we
check the case p | f with another method.

Remark 2.3. There exist more recent results on the decomposition of the class
group through rational p-adic characters that could allow more precise computa-
tions; see for example an article of Aoki [1] on the structure of p-adic parts of the
class group. But computations with p-adic numbers may be more difficult or even
impossible to perform in practice (cf. [10]). In order to preserve efficiency of our
algorithms, we prefer the rational approach. Schoof on the other hand bases his
method on Gras’s conjecture about the relationship between the p-adic parts of
the class groups and of the units modulo cyclotomic units, while all his computa-
tions are in rational numbers. Gras’s conjecture was proved by R. Greenberg in
the case p not dividing the degree; he in fact showed that the orders of the p-adic
parts of the class group and units modulo cyclotomic units coincide. This gives a
connection between Schoof’s method and ours.
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3 The algorithm

We first give an outline of the method. As presented in the preceding section,
we will omit the prime 2 and the primes dividing the degree g of the field K in
question. To check if a prime p {1 2¢ divides the class number of K, it suffices
to run the test for all A, , separately, i.e. it is sufficient to study only cyclic fields
K, and cyclic modules |F, | of cyclotomic units. When computing &, we always
choose K = K,.

The method consists of three parts. First we use Leopoldt’s result 2.2 with the
method of Schwarz [21], and we are left with a small number of primes that need
to be tested further; for all the other primes p the class number is not divisible
by p. In view of Leopoldt’s result, Schwarz’s method not only gives the primes
p possibly dividing the class number A g but also specifies the 4, that may admit
the divisor p.

The second step consists of a search for cyclotomic units that are pth powers
in the unit group, extending an idea of van der Linden [14]. In this way we are
able to eliminate all the primes not dividing h,,.

Passing these tests is a necessary condition for p | h,, and after them we have
a strong belief that p could divide the class number factor £, but this is still not a
proof. To verify that p | h, we finally check whether the pth root of a unit found
in the second step has a minimum polynomial € Z[z]. This follows an idea in an
article of G. and M.-N. Gras [8].

Moreover, we provide a method to check whether A, is divisible by a higher
power of p. This is also based on [8].

We limited the search to the fields of conductor f < 2000 and to the primes
p < 10000. In theory there could be larger primes dividing these class numbers,
but the heuristics and the results of the computations (the largest prime factor
found was 379) show this to be very unlikely.

4 Schwarz’s method

We now describe the first step of the computation. Let Ky = Q((; + Cf‘l) be
the maximal real abelian field of conductor f. As is clear from the preceding
discussion, to study the p-divisibility of the class numbers of real abelian fields of
conductor f we have to compute the (x, p)-part i, of the class number of K, for
all characters y of K.

Let x be a character of K. Since h, is independent of the choice of the field
containing K, we may always assume f to be chosen minimal, i.e. f = f,. In
the first step we also assume p t f; the primes dividing f will be checked in the
second step of the algorithm. We choose a bound for primes p { 2 f g, to test.

Denote by [a] the integer part of @ > 0. We begin with a lemma, which was
proved by Schwarz [21, pp. 45-46].



Lemma4.1. If x has conductor f and order n, then

S,

p

-1 (%]
B,_1, = —x(p) Z x(2) Z v 17t (mod Py) (4.1)

for a prime ideal P, | p in Z[(,].

Proof. We sketch a proof. Fix an embedding of the field of all algebraic numbers
in an algebraic closure €2, of the p-adic field Q, and regard all algebraic elements
as being in ©,. The congruence oo = 3 (mod p") with a, § € €, means that the
p-exponent of o — 3 is > n. Write shortly {; = (.

By using properties of p-adic L-functions L, (s, x) we have

By 1x=Lp(2—p,x) = Ly(1,x) (mod p).

Metsankyla [15] shows that

Ly(l,x)=— Z bix(i) (mod p) (4.2)

with rational integers b; mod p defined by

(By Schwarz, p.43, the number \(¢) mod p equals the Fermat quotient of (¥ —1.)

Leta € Z,a=p " (mod f). Since ;(}) = ; (mod p) we may write

Z cu¢* (mod p)

with
Py
f

I Z [ Z vt~ (mod p).
ak= uk(mod 1) =

Define the numbers b; for all i € Z\ fZ by periodicity mod f. We have

3
L

f-1

1-0M¢)=0-¢ mec—z — byi1))¢" (mod p).

=1

Consequently,

S

(%]

v ' 7t (mod p).

v=1



By the formula (4.2),

f-1
Ly(1,x) = =) buix(pi) (mod p).

=1

We conclude that the congruence (4.1) holds mod p (in €2,,). The claim follows
since the numbers in (4.1) are p-integers in the field Q(¢,). O

Denote by @, () the nth cyclotomic polynomial.
Proposition 4.1. Let f be the conductor and n = g, the order of x. Let
A:(Z/fZ2)" - {0,...,n—1}

be defined by x(i) = Q’L\("). If the prime p 1 2fn divides the h,-part of the class
number of K, then

f—1
GCDFM< > aix/\(i),cbn(x)) #1, (4.3)

»i
where a; = Z;[/f:]1 v~ f7! (mod p).

Proof. Assume p | h,. By Lemma 2.2, [|
follows from (4.1) that

vex Bo—1,x = 0 (mod p). Hence it

HZazx =0 (mod p).

xex =1

Since the conjugates x? of x satisfy x7 (i) = EAW) , (k,n) = 1, and since the zeros
of @, (x) are ¢¥, (k,n) = 1, we have

f-1

f-1 n—1 f-
Y ax- II 3 ach - Res(@e) 3 aur®),
XX (k=1 (.)=1 (=1
where Res(-, -) is the resultant. Finally, p divides Res(f(z), g(z)) if and only if
GCDr,41(f(z), g(x)) # 1. The claim follows. O

The proof of the proposition is essentially found in Schwarz’s thesis. He shows
that the computational complexity of the method is O(p + f, +g§). Schwarz used
the result to produce a table of possible class number divisors for any abelian field
of conductor < 500. By resorting to Leopoldt’s decomposition of class number
the results become more transparent in the case of composite conductor. In par-
ticular we know explicitly the factor group of units that is of order £, .
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Remark 4.2. From the p-adic class number formula one finds that the primes p 1
f g, satisfying (4.3) but not dividing the class number must satisfy v, (R, (X)) >
gy, Where v, denotes the normalized p-adic valuation and R, (K, ) is the p-adic
regulator of the field K, (trivially v,(R,(K)) > g, — 1). In this way we obtain
some knowledge of the p-adic regulator without knowing the fundamental units.
One could also use the method and the p-adic class number formula in many cases
to check whether the class number is not divisible by a prime dividing the degree
of the field. With slight changes to the preceding method one could also compute
the p-exponent of the (p-adic) product hx R, (K), thus obtaining an upper bound
for the p-exponent of the class number. We plan to discuss this more precisely in
a forthcoming paper.

5 Second step

In [14] van der Linden introduced a method with which he could show by com-
putation that p 1 A in some cases. However, his use of the group of units modulo
(Hasse’s) cyclotomic units is problematic in general, since one may need to com-
bine unit groups of subfields in order to obtain groups of full rank (see [22, p.150]).
We avoid this problem by applying a similar procedure to the groups E, / F.

To check if h,, # 1 we need to analyze the structure of the group E, /F,. As
noted before, £, /{+1} and F, /{%1} are Z[(, ]-modules. Recalling that c° =
+e forany e € E, and Z[G,ley ~ Z[(,, ], we may also regard |E, | and |F,| as
Z[G\]-modules. Thus F, /F? admits an F,[G,]-module structure.

It is easy to show that (E, /F)), ~ (E? N Fy)/FE, where (E, /F), is the p-
elementary subgroup (the group of elements of order p). The group (E2 N Fy)/F¥
is an F,[G]-submodule of F /F?. If nontrivial, it must contain a minimal sub-
module of FX/F;?. Let this be Fi/F}<’; then we have F; C E%. On the other hand,
if F;/F? is such a minimal submodule of F, /F? that F; C E?, then F;/F? is
a submodule of (E2 N F,)/F?. Since the minimal submodules are disjoint, the
p-exponent of h, is at least the number of minimal submodules F;/F? satisfying
F; C E?.

In order to prove that h,, = 1 it suffices to compute all the minimal sub-
modules of F,/FP and to check that all of them contain elements that are not
pth powers of units. This is not difficult, as the minimal submodules are cyclic
and easily determined by the following proEosition and remark. Recall that the
Z[G,|-module |F| is generated by n = ©,*, where ©, and A, are defined by
(2.2).

Proposition 5.1. Assume thatp =1 (mod g, ). The minimal F,,[G, ]-submodules
of F/F? are (n®x(?)/(e=0)FP where i runs through all the zeros of &, (z)
(mod p) and o is a generator of G,.



Proof. Consider the F,[G,]-homomorphism
T Fy[Gy] = B /F?, 6+ n’FP.

It is obviously well-defined and surjective. Its kernel is an F,[G,]-module, i.e. an
ideal in the principal ideal ring F,,[G,| ~ F,[z]/(z% — 1). Since F) is of finite
index in E, the Z-rank of F) is equal to ¢(gy), thus the F,-rank of F, /F? is
e(gx)-

Trivially ©7™ ' = 1. Write 0% — 1 =[], ®a(0). Since A, is divisible
by all the ®4(c) with d # g, we have n®ux () = £1. Consequently, the kernel
Ker(r) = (®,, (0)).

By the assumption on p, the cyclotomic polynomial ®, (z) factors completely
(mod p) and we have the evident F,[G,,]-isomorphisms

Fy[Giy/ (@4, (0)) 2= Fyla] /(a9 = 1,8y, (2) 2= Fyla]/( g, () 2= (F,)0).

The minimal submodules of (F,)#x) are ((1,0,...,0)),...,{(0,...,0,1)). By
the above isomorphism, they correspond to (®,, (0)/(o—1)) InFy[Gy]/(®g, (7)),
where o — 4 runs through the factors of ®, (o) (mod p). The claim follows. [

Remark 5.1. The proposition generalizes to all primes not dividing g,,. Choose the
smallest f, > 1 such that p/»> = 1 (mod g,). The g,th cyclotomic polynomial
factors over F, into ¢(g,)/f, different polynomials f;(z) of degree f,, hence
F,[G,]/(®g, (0)) ~ GF(p/)#9)/f>. Then the minimal submodules of F /F?
are <n¢9x(0)/fi(0)>_

Note that if a prime p of order f, mod g, divides h,, then also p’» divides A, .
This follows from Remark 2.1.

To examine if F; C E? it thus suffices to check whether n®sx(9)/1i(9) js the pth
power of some ¢ € E,. We explain how this will be done. Later we will also need
the fact that ¢ ¢ F; this follows from the nontriviality of F;/F?.

Choose a prime ¢ = 1 (mod 2p f,) and some b € Z satisfying the conditions
b =1 (mod ¢), b # 1 (mod g). Then {; = b (mod Q) for some prime
ideal Q above g in Q((ay, ). By writing n®sx(?)//i() as a rational function r((oy, ),
we examine whether -

r(b) > =1 (mod q). (5.1)

If this congruence holds, we choose another pair (g, b) and repeat the test. If the
congruence does not hold for some pair, we conclude that ; & E?. If for every
submodule F; there exists such a pair (g, b) not satisfying the congruence, we have
the result p 1 h,. Otherwise, if there is a prime p and a submodule F; which pass
the congruence test for many pairs, this gives strong evidence that p would divide
the class number. But this is not sure, so we still have to apply another method.

Remark 5.2. Instead of (,, , we may actually use f,th roots of 1 in the computa-
tions of the second step. In fact, it is an easy exercise to see that @;*1 may always
be written as a rational function of (j, .



6 Third Step

For some o = n®sx (©)/fi(?) satisfying (5.1) for many pairs (g, b), we want to verify
that o is a pth power. This is equivalent to showing that ¢/« is an element of K, .
As a unit of K, the element « has g, conjugates in K, which we all compute. We
calculate an approximation of « and its conjugates o as real numbers by noting
that

Gy —Cf _ sin(ar/f)

Gr—Gf  sin(x/f)

If the polynomial m,,(z) = [],(z — ¥/a”) has integral coefficients, then « is a
pth power; this is the minimum polynomial of ¢/«. Then also ¥/a° = ¥/a° and
Yo € K,. But since we have used only approximations, this is still not a proof.

Denote by m,, the polynomial we have computed in this way to approximate
m,. |f some coefficient of m, is not close to an integer, this shows that « is not a
pth power, given that the precision in the computations is adequate. Otherwise, if
all the coefficients of m,, are very close to integers, we round off the coefficients to
obtain the supposed minimum polynomial m,(x) € Z[z]. We then check whether
my(x) | m(a?), where m(z) is the minimum polynomial of a. If this holds,
it finally proves that m, is the minimum polynomial of ¢/« and that ¢/« is an
element of K.

Since we compute « in Fy /F¥, note that we may minimize modulo p the
absolute values of the coefficients of ®, (x)/f;(z) € Z[z] in order to prevent
coefficient explosion.

7 Higher p-powers

Suppose that using the preceding method we have found a prime p with p | A,.
We want to check whether b, is divisible by a higher p-power. G. and M.-N. Gras
[8] introduced a method with which this verification is in principle possible.

We first give a link between our step 2 and Gras’s approach. Using it we are
able to check all the cases withp = 1 (mod g,) encountered in the computations.

Lemma 7.1. Assume p = 1 (mod n). Let k € Z be a zero of ®,(x) modulo p.
We have

0,(C) _  N(Gu— k)
G-k T Gk

where N () denotes the absolute norm of v € Z|[(,].

(mod pZ[(y)),

Proof. By the assumption on p, all the zeros of ®,(z) (mod p) are of the form
k7, where (j,n) = 1. Thus the prime ideals of Z[(,,] above p are P; = (p, ¢, —k7),
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(7,m) = 1. Write the claim in the form

ﬁ W— k) =+ ﬁ (¢ — k) (mod pZ[(,)).
2 2

(dsm (sm

Since ¢, = k (mod P,), this congruence holds mod P;. Since the automor-
phisms ¢, — (7, (j,n) = 1, permute the prime ideals, we see that both products
contain a factor = 0 (mod P;) forany i # 1. O

Define N(o0—k) = [1}_y (ju)=1(0? —k). Assumep | hy andp =1 (mod gy).
By the isomorphism Z[(, | ~ Z[G,]/{(®,, (o)) and the lemma we write

2,(0) _ N~ k)
oc—k o—k

(mod pZ[o], @, (0)). (7.1)

Hence the isomorphism induced by 7 in the proof of proposition 5.1 implies that
n®ax()/(7=k) js a pth power in E,, if and only if nV(e=%)/(e=) js a pth power in
E,. We know that N(¢ — k) = pm with p { m (if p | m, change & to some
k + tp). Thus we have pP™/(=k) = P for some e € E,\F, (see the paragraph
after Remark 5.1). From this it follows that =% = n™.

Let Fi, = (=1, | 7 € Gy). Then |F,| is a Z[G,]-module. Since ¢ ¢ F,
bute? € F, and e” = *y™, we have [F) F,, : F,] = p. On the other hand, p
[F\F, : F]since g™ € F,. From p | [F} F, : FI"] we thus deduce p | [F, : F"].
Since [E, : F'] < oo we conclude that [E), : F;(] < oo and that the p-exponent
of [E, : F;(] is equal to the p-exponent of h,, /p.

Now we run the third step using F;( in place of F,. Proposition 5.1 holds
with € in place of 7. We thus check whether ¢®x(?)/(?=7) s a pth power for
any j satisfying @, (j) = 0 (mod p). By (7.1) this is equivalent to checking
whether eN(e=3))/(e=3) s a pth power. Using the third step we may compute ¢ =
™ D/e=3) and its conjugates 7" with a sufficient precision. It follows that
we may compute an approximation of any conjugate of ¢ ®sx(9)/(7=3),

In fact one knows a priori the minimal submodules of F;(/F)'g’ that need to be
checked: they correspond to the minimal submodules of F),/F? that were found
to contain pth powers. Indeed, assume

e € E\F, &= nN(a—i)/(U—i); pe Ex\F;(a P = EN(a—j)/(a—j)’

where i # j. Lete; = ¢/ /"= 1f N(o — i) = pmy with p { m1, we have
n™ = e tand so e = p° ¢ € E,. Since trivially ] € E, and (p,m;) = 1,
we conclude ¢; € E,.

This method seems to fail for p # 1 (mod g,). In this case the second step
only gives us pth powers explicitly, although we know by the theory that there
also exist p/zth powers, where f, is the residue class degree. Nevertheless, if we
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find in step 2 that p | h,., we may check whether e = /5" /iO)/ i) with g = p/»
belongs to E, \ F, for some 4. In this way we still may find a p’th power in E,,
while it remains unclear whether this is always possible. In computations this was
possible in all the cases we confronted. Choose (¢) = FX A similar reasoning as
above shows that the p-exponent of [E,, : F;(] is equal to the p-exponent of h, /p/».
Finally, using the second and third steps (with FX in place of F}) we can check
whether p | (b, /p’?).

In this way we were able to verify that among the fields of conductor < 2000
only two h, contain p/» more than once (both with f, = 1). The 17-class num-
ber of a 16-degree field of conductor 1921 is 173, and the 3-class number of the
quadratic field of prime conductor 1129 is 32. The latter is also found in Schoof’s
table [20]. As an extra check we verified that all the other higher p-powers found
in his table could be determined with our method.

Remark 7.2. G. and M.-N. Gras [8] used a method similar to our steps 2 and
3 to compute class numbers of small degree fields. They also used Leopoldt’s
condition similar to step 1 to limit the number of possible divisors. The tables
[6], [7] were computed using this method. The aim in [8] was to compute class
numbers of real abelian fields using explicit upper bounds that are practical only
in small degree fields; hence the efficiency of the algorithm was not as crucial as in
our computations. On the other hand the efficiency could be easily improved using
the congruence method as in step 2. Gras’s method consists of a search of units
of E7 belonging to F), , where P is a prime ideal of Z[(, ] above p; this amounts

to searching for units of the form (N @/ /P with P = (p, f,(¢,,))- This
suggests that step 2 could similarly be generalized to search (by the isomorphism
Z[Cy, ] ~ Z|Gy|/(®y, (0))) for Pth powers in E, to cover the case of a larger
residue class degree.

8 An example of the calculation

We show by an example how the calculations were done. Choose f = 1261 =
13-97. Let Ky = Q(¢r + Cf‘l). There are 47 real cyclic fields of conductor f
corresponding to the nontrivial Q-conjugacy classes of characters of K.

We run for any A, the first step of the method by checking whether (4.3)
holds. All the necessary information for the computation may be gathered from
the knowledge of the character x of K. This is the lengthy part of the calculation
since we check all the primes 2 < p < 10000, p 1 f for all the 47 different A,. We
find out that there are in total 68 primes (counted with multiplicity) that satisfy
(4.3) for some h,,, of which 10 primes divide g,. We continue to the second step
only with the primes not dividing g, (the 10 discarded primes of course would also
contain some information of the class number divisibility, but they would require
another method). Usually the number of primes satisfying (4.3) was proportional
to the number of real fields of conductor f.

12



In the second step we check all the remaining 58 cases. We also check for all
h,, the primes 13 and 97 dividing f. There are a total of 152 cases to check. For
instance, we have the prime candidate 2689 in the field of degree 96 corresponding
to the character x = x13X3; (in an obvious notation). Since 2689 = 1 (mod 96),
there are 96 minimal submodules corresponding to various a; = n®9s(@)/(e=4)
We choose a pair (g,b) and check the congruence (5.1). For instance the pair
(74598239, 46979) is appropriate. With this pair the congruence (5.1) is not sat-
isfied for any «;, thus 2689 { h,. All the primes are checked similarly; we can
handle all the primes not dividing the class number in this way. An example of a
prime dividing the class number is given in the following.

Let p = 97 and x = x?%3xs0. We compute 10 appropriate pairs (g, b) and
notice that (5.1) is always satisfied for the minimal submodule corresponding to
fi(o) = o + 48 (the specific minimal submodule depends on the choice of the
generator o; we had o corresponding to (; — C}g). We move on to the third
step and compute the real approximation of n®(2)/(?+48) and its conjugates. Its
minimum polynomial has huge coefficients, thus it is crucial to reduce first the
coefficients of ®gs(c)/(0 + 48) € Fyr[G,]. Choosing the coefficients with the
smallest absolute value mod p seems to be adequate; denote by « the element
thus obtained. The precision we needed in this case was over 5000 digits in order
to be able to compute the minimum polynomial m(xz) of «. The choice of the
coefficients of « probably was not ideal. Nevertheless, this was still possible to
handle with computer. The minimum polynomial m,(z) of ¢/« was computed
in the same manner; it had much smaller coefficients, the largest with 54 digits.
Finally we checked that m,,(z) divides m(z?). Moreover, we used the method for
higher p-powers to verify that p? { h, .

There were three pairs (p, k,) with p not dividing f (indeed, with p = 5 or 7)
for which we could not find any pairs (b, ¢) satisfying (5.1). They were all verified
with the third step to be actual class number divisors.

All this took about an hour of time with AMD Athlon 2000+ and Mathematica
4.1[24].

9 Cohen-Lenstra heuristics

Schoof [20] showed, based on a speculative extension of the Cohen-Lenstra heu-
ristics [3], that the class numbers of real abelian fields of prime conductor most
likely are relatively small. The same holds for prime power conductors; see Buh-
ler et al. [2]. We see from Section 2 how to treat class groups of fields of any
conductor. It would be natural to assume that the predictions given by Schoof on
the size of the class groups hold in our case as well. We will show that this is
indeed the case.

Cohen and Lenstra give conjectural heuristic assumptions on the properties of
finite modules over direct products of Dedekind domains. In particular the as-

13



sumptions apply to modules over the (unique) maximal order of the group ring
Q[G]/ >_,cq o With G abelian. Their examples include probabilities for proper-
ties of class groups of quadratic fields and real abelian fields, where the p-parts
with p dividing the degree had to be excluded; the heuristics were later general-
ized in [4] to a wider class of fields, and recently Wittmann [23] gave analogous
heuristics in some special cases for primes dividing the degree.

To apply the heuristics, one should originally have a large collection of fields
of varying conductor and fixed degree. Since our computations are limited to
fields of conductor < 2000 and of varying degree, the situation is different, but as
was mentioned in [2] and [20], the heuristics and the computed results together
support the conjecture that the real class groups are usually very small.

We assume for the rest of the section that p { #G. The decomposition (2.2)
allows us to define the p-class groups as modules over .5 Z[(,, |; as Cly, = 1
for the trivial character 1 = x,, we may drop the corresponding part from the
direct sum. Then the sum is isomorphic to the maximal order of the group ring
Q[G]/ > e = Q[G]/e1Q[G], so that the heuristics may be applied in our case.

For a finite module A over a Dedekind domain R, there is a decomposition
A = @, Ap, where P is a prime ideal of R and the P-part Ap = {a € A |
Annga is a power of P}. Only finitely many Ap # 0. Now by [3, Example
5.10], assuming heuristics, the probability that A» = 0 is equal to [],~,(1
NP~*), where the norm NP = #(A/P), and the probabilities for different P
are independent.

Let us show how to apply the above probability in our case. Note first that
the prime ideals of D5 Z[(,, ] are of the form B, 5 ; Z[(,,] ® P where P runs
through the prime ideals of Z[¢,,]. Their norms are equal to the norms of P.
There are ¢(g,)/ f, prime ideals of Z[(,, | above any unramified prime p and their
common norm is p/, where f,, is the order of p mod g,. The number of different
Z[(,, ] in the decomposition of the rational group ring of a real cyclotomic field
is given by the number of Q-conjugacy classes, thus they may be calculated by
some computer algebra program or for instance by the following description by
Perlis and Walker [19] of rational abelian group algebras: If GG is a finite abelian
group of order g, we have Q[G] ~ @d|g %Q(g‘d), where n, is the number of
elements of order d in G.

The probability that the class group is trivial is therefore

— H H HP(CI)(,’P — 1 H H H —kfp))(P(gx)/fp’
X pEP Plp X pEP k>2

where P denotes the set of all prime numbers. Having computed all the p-parts of
the class groups for 2 < p < 10000, we assume p > 10000. Then by taking the
logarithm and using the estimates

1) 14107 \ 1 1+ 10~
_ _ —kfp _
n (1 pkfp) <—n o k=22 ;p B A p A 7
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we obtain
1

~In(P(Cly, = 1Vp > 10%)) < 1.00011¢(gy) » T
P p

p>104

The series is dominated by terms with f, = 1, i.e. p = 1 (mod g,); the rest is
smallerthan }- .. p~* < 10~'? (computed via the “prime zeta function” (9.1)).
By the prime number theorem for arithmetic progressions, the number of primes
p <nwithp =1 (mod g,) equals approximately #{p € P | p < n}/¢(g,) for
large n. Thus with many different g, we have, at least on average,

1 3 B 1 _
I D DRI RET- TV P

p>104 p>10% #(9x) p>104
p=1 (mod gy)

The series over primes may be approximated from its expression in terms of values

¢(m) of the Riemann zeta function, m > 2. Indeed, we have

1 [e.e]

Yo—=> %k)lnC(km) (9.1)
k=

m =
pEPp 1

as the Mabius inversion of the logarithm of the Euler product for {(m) (see, e.g.
[5]). This gives > .p p~? ~ 0.452247. Consequently, - ;. p~> = 0.452238.
It follows that

P(Cly, =1V p > 10%) = 0.999990.

It is interesting to note that this estimate does not depend on g, .

We computed all the (x, p)-parts of the class groups for p < 10000, f < 2000.
For f < 500 we went up to the bound p < 100000 utilizing Schwarz’s tables
[21] of the first step. For any fixed p, there are a total of 9339 different Z[(,, ]-
modules Cl, ,, for 500 < f < 2000 (1679 when f < 500), and when substituting
this information in the above formulas one obtains from the heuristics that the
predicted number of occurrences of nontrivial class group parts Cl, , for fields
of conductor < 2000 would be approximately 443, and that the class number
would not contain larger primes for 500 < f < 2000 with probability ~ 91% (for
f < 500 with ~ 99%). We might exclude from the calculation all class group
parts corresponding to fields of small degree since there exist extensive tables for
them; then the above probability for 500 < f < 2000 rises to at least 93%. Given
that all the computations have produced only small prime divisors compared to
the degree of the field, we find it reasonable to believe that the found class number
divisors in fact are all the primes dividing &, for any f < 2000, excluding the
prime 2 and the primes dividing the degree of the field.

We found 231 nontrivial y-parts of class groups, which is smaller than the
expected number 443, but is still of the same order of magnitude. This supports
the belief that the heuristics slightly overestimate the chance of a nontrivial class
group for conductors f < 2000.
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10 Tables

In the enclosed tables we present all the prime divisors < 10000 of the class num-
bers of the real abelian fields of composite conductor 500 < f < 2000 and prime
divisors < 100000 for f < 500, excluding the prime 2 and the primes dividing the
degree of the field. The first column indicates the conductor. A character defining
the field K, is written in the second column. We use the notation . for the gener-
ating character mod ¢” with ¢ a prime > 2. We have w,(+1 mod 4) = +1 and for
v > 3, xov (5 mod 2¥) = (ov-2 and xo»(—1 mod 2¥) = 1. The representatives
of the conjugacy classes of characters were chosen as in [21].

The third column gives the degree g, = n of K, and the last column shows
the prime divisor p of the class number A, ; we did not encounter any £, having
several different prime divisors. The possible exponent of p is the residue class
degree of p mod n except for one case. This is a field of conductor 1921, for
which we in step 2 found two different submodules containing 17th powers. The
search for higher p-powers showed that the class number is divisible by 173. We
computed with PARI [18] that the 17-class group is of type Z /17°Z x Z /17Z.

For any real field K of conductor f, one may read the p-part of class number
for any p < 10000, p 1 2]K : Q] by combining the entries of the table (together
with Schoof’s table of the fields of prime conductor in [20]) for all cyclic subfields
K, of K of conductor f, | f. The p-class structure is given by (2.2).

For example, take the field K = Q({; + ¢; ') with f = 1304 = 8- 163. Our
table gives for hx twice the prime factor 19, coming from fields with conductor
fand f/2 = 652 (both of degree 18). By (2.2), the 19-class group is of type
Z/19Z x Z/19Z. In addition, there is a prime factor 3 coming from a quadratic
subfield with conductor f. Since 3 divides the degree 324 of K, the 3-class group
of K remains unknown; in fact, it could be possible that 3 1 h . The class number
of Q(Ces + Ciay) is 4 (cf. [14]), thus we find that the possible other odd prime
factors of hx must be > 10000.

The results were checked to agree with the tables of real cyclic fields of degree
< 6 (cf. [17], [6], [7], [9]. [16]). All the class number divisors of fields of degree
< 20 were confirmed with PARI. The results in the case of a prime conductor
(omitted from the tables) were found to agree with the tables of Schoof [20] and
Koyama and Yoshino [11].
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f X n|p / n|p
212 wixi3 4 | 5 | 1016 | wixix$s, 213
316 | wix3d | 2| 3 |[1025 | xdxi, | 40|41
321 | x3x33, 2 | 3| 1036 | wix?x3, |36|73
427 | x3xad 4 | 5 | 1048 XsX38, 10 | 11
469 | x3x33 2 | 3| 1080 | xsxirxs |36 37
473 | xhixas | 2 | 3 || 1101 | xaxsgr | 2 | 3
481 | xisx37 | 18|19 || 1105 | xzxisxir | 4 | 5
551 | xioXde | 4 | 5 || 1113 | xaxjxa3 | 12|13
556 | wix3i3y 6 | 7 | 1116 | wix3x3 6 | 7
568 | xixit | 10| 11| 1132 wiXass 6| 7

wixsxyi | 2 | 3 || 1139 | xi;xgr | 88|89
629 | x%,x3; | 18] 19 || 1141 X2x38s 9 |19

X17X37 4| 5 | 1159 XTo X1 18 | 73
651 | x3x3x$; | 10 | 11 || 1172 wixtds 4 |13
652 | wixles | 18|19 || 1197 | x2x3xis | 6 | 7
676 | wixdes | 52|53 1207 | xlx® | 16| 17
692 | wix®, | 4| 5 || 1211 | X255, 6|7
697 | xi{xi? | 2| 3 || 1235 | xaxisxis | 12 | 13
703 | xloxzr | 36|37 Xsxisxle | 4| 5

XioX3; |12 13| 1241 | xirxz3 | 4| 5
728 | xsxixis | 4| 5 || 1243 | xiixals | 40| 41
753 | xix32, | 10| 11 || 1257 X3X109 2|3
756 | wix3;xs | 18 | 19 || 1261 X33X59 48 | 97
763 | X3Xioo 12| 13 X13X87 6|7
779 | xfoXin 40 | 41 X33Xa7 415
785 | xixiy; | 2 | 3 Xisx§s | 3| 7
793 | xix3 |12 37| 1271 | x3x3 | 15|31
808 | wixsXfor | 4 | 5 X3x40 6|7
817 | xfoxiz | 2| 5 X$oxii | 5 |1
819 | xsxzxis | 6 | 7 || 1287 | xgxiixis | 60 | 61
832 | wixesX3s | 16 | 7% || 1295 | x2x2x3y | 18| 19
869 | xoixle | 78| 79| 1304 | xixi& | 18| 19
889 | xixfy | 6| 7 wixsXies | 2 | 3
892 | wiyiil 2 | 3| 1308 | wixixids 6 | 7
916 | wixdly | 4 | 5 || 1311 | xixZxii | 18| 19
923 | x3xI, | 20|61 1313 | %20, |10 |31
928 | wixsaXso | 8 | 17 || 1332 |  wixax$y 6 | 7
935 | xix2ixt | 4| 5 || 1339 | x3x1%, | 12| 13
940 | wixZx3 | 2 | 3 || 1343 X759 16 | 17
944 | wixiexsy | 4 | 5 || 1345 | x3xdgs | 2 | 3
976 | wixigxs: | 4 | 5 || 1353 | xaxqxai | 10 | 11
980 | wixixSe | 28| 29 || 1355 XEx39, 18 | 37
985 | xixfer | 2 | 3 || 1359 | xpxisi | 6 | 7
988 | wixisxfe | 6 | 7 || 1360 | wixiexsXir | 4 | 5
993 | x3x33 | 2 | 3 | 1376 | wixzxis | 24| 5
999 | x3xsf | 9 |37 1384 ] xsxifs | 2| 3
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f n | p f X n p
1385 X5X377 6 7 111729 | xixisxis | 12 52
xpor | 4] S Xpxiaxig | 12| 13
1387 | xloxzy | 36 |17 Xixisxis | 6 7
X19X73 36 | 37 || 1735 X3X349 4 5
XioX7s 9 | 19 || 1736 | wixsxfxs; | 6 7
1393 X7X199 2 S 1739 X3 xi3 4 5
1404 | wixdds 18 | 19 || 1749 | xixdixds 26 53
1407 | xdxdxg, 22 | 23 || 1751 X123 16 17
1420 | wix®xh 10 | 11 || 1755 | x3.xixds 36 73
1421 XaoX5s 28 | 29 || 1756 wiXise 2 5
1424 wixi(jxéé 8 | 17 || 1761 Xix23 2 7
1435 X5X7X41 12 | 13 || 1765 XExALS 2 3
1436 | Wil | 2 | 3 |12 | whdl | 2 3
1455 | xAxixg, 16 | 17 || 1853 X37x800 18 19
1460 | wixsxzs | 4 | 5 || 1855 | xixixss | 4 5
1461 | xixal, | 18 | 19 | 1865 | xixZ. | 4 5
1465 | xxzys 4 | 3 || 1872 | xiexpxis | 12 | 13
1477 Xox3, 10 | 11 || 1885 | xix$sxd 28 29
X1X5311 6 | 7 XsXisX3e | 28 | 113
1496 | wixsxiixir | 10 | 11 Xixisxgy | 4 5
1509 | xix25s 2 | 3 (11887 | xixirxzr | 4 5
1513 | xloxih | 16 | 17 || 1801 | xd2 | 20 | 4
Xi7X35 4 | 13 XGixgt 15| 3
1516 WiX379 378 | 379 X8 x84 10 11
1525 X35 X231 10 | 11 || 1897 X7X%$? 2 5
1547 x%xig x%% 12 | 37 || 1903 | x5ixirs 172 | 173
1575 xg X25 x7 30 | 31 || 1904 | xiex3x3; | 16 97
1576 W4X8X197 4 3 wiX%GX’leﬁ 12 13
1591 X37X43 42 | 43 || 1921 X17X113 28 29
1592 | wixixise | 18 | 19 X17X113 16 | 17-172
WiXsXieo 6 | 7 || 1929 x3x643 2 3
1620 | wixix: 108 | 109 || 1935 XoXEX 43 12 13
1623 | xixsu 12 | 13 Xoxsxis | 12| 13
1620 | 28, | 30 | 31 || 1937 | xLodH | 12| 109
Xa X181 18 | 109 X$3XT40 2 3
1640 | wixsxexii | 8 | 3% || 1957 | xoxips 2 3
1641 | xix3i 2 | 5 ||1965 | xsxixih | 10| 11
1643 | xaxid | 12 | 13 || 1971 | X%, | 18 | 19
1651 Xi3Xia7 12 | 5 1972 | wiXirX3e 8 3
1665 | xgxixdt | 12 | 13 1976 | xixdods | 18 | 19
1676 W4X419 22 | 23 XsX13X3o 12 13
1687 | x3h 3 | 13 || 1088 | wixixd, | 42 | 43
1688 XeXa21 10 | 31 wiXEXE 30 31
1708 wix%x%? 6 | 7 | 199 | x3x3xixie | 6 7
wiXTXe1 2 3 1996 wiXi9 2 >
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